A surface-mounted chirped fibre Bragg grating (CFBG) sensor has been used for the first time to monitor delamination growth within a composite material (a transparent, unidirectionally reinforced glass fibre/epoxy resin double-cantilever beam (DCB) specimen). The specimens were tested using a constant displacement rate, with the delamination length being measured using complementary techniques: (i) in situ photography, (ii) surface-mounted strain gauges, and (iii) the surface-mounted CFBG sensors. The unidirectionally reinforced DCB specimens showed characteristics typical of such material which complicate the curvature of the beams, i.e. the development of extensive fibre bridging and pronounced R-curve behaviour. To validate the interpretation of the CFBG reflected spectrum, the experimentally determined strains 2 from the surface-mounted strain gauges have been used, together with in situ photographs of the position of the delamination front. Using the CFBG sensor technique, the delamination length was measured to within about 4 mm over the 60 mm sensor length.
Introduction
Monitoring delamination growth in composite structures is an area of increasing interest, particularly with the expanding use of large composite structures, such as wind turbine blades. There is a need both to be able to determine whether a delamination has initiated, and also to determine the current location of the damage, and/or its growth rate. Various NDE (non-destructive evaluation) techniques are potentially able to detect the location of delaminations, including acoustic emission, electric resistance measurements, shearography and thermography [1] [2] [3] [4] . However, it is likely to be difficult to employ many of the currently proposed techniques either due to the unproven nature of the technique or the physical difficulties of implementation (e.g. complications arising out of the connections required). With regard to fibre optic sensors, both the ability to be able to embed such sensors within a composite structure and the proven usage of fibre optical sensors for monitoring large structures [e.g. 5] make these sensors important candidates for monitoring delaminations.
Chirped FBG (CFBG) sensors embedded within composite materials have been shown to be able to monitor delamination growth in single-lap joints [6] [7] [8] , where the 3 changes in the reflected spectra due to delamination growth are much easier to interpret than for uniform FBGs. Whereas unstrained uniform FBG sensors have a constant periodic variation of the refractive index within the fibre core (the "grating" spacing), the CFBGs used in this work have a linearly increasing grating spacing. The relative ease of interpretation of CFBG reflected spectra with regard to damage development is a consequence of the relationship between the spectral bandwidth of the reflected spectrum (typically 20 nm) and the sensor length (typically 60 mm). If the strain field is perturbed by damage in the composite, so that the smooth linear increase in the grating spacing is disrupted, then a perturbation appears in the reflected spectrum that can be used to monitor the physical location of the damage. To monitor the propagation of damage in the form of delaminations in a single-lap joint (due to fatigue loading, for example), examination of successive spectra enables both the direction of growth of the delamination to be determined, as well as the current position of the delamination front to within a few millimetres. This is because the strain distribution associated with the delamination produces a well-defined perturbation in the reflected spectra (generally, either a peak or a trough in the spectrum). In order to determine the location of the disbond front more precisely, it is necessary to predict the spectra. In general, this requires that the strain distribution associated with the damage is ascertained, either using either finite-element analysis [e.g. 6], or through a closed form solution [e.g. 7], if available. In either case, the purpose of the analysis is to determine the strain distribution associated with a known location of the delamination front in relation to the sensor, in order to be able to predict the spectrum. Of course, if an alternative means of evaluating the strain distribution is available (as in the experiments to be described here), then a numerical analysis is not necessary.
In many situations, it will be impractical to embed CFBG sensors within the composite structure under investigation (for example, a plate-bonded repair to a bridge beam) and hence it is important to determine whether a surface-bonded sensor can also monitor delamination growth. Consequently, in the current paper, the previous use of embedded CFBG sensors to monitor the progression of a delamination has been extended to the use of surface-bonded sensors.
Experimental methods

Materials
The material used in this study was a transparent, unidirectional GFRP laminate manufactured using a frame-winding technique, described in detail elsewhere [e.g. 9], consisting of E-glass fibres (Vf ≈ 0.6) in a Shell Epikote 828 epoxy resin matrix. The specimens had nominal dimensions of 150 mm x 25 mm x 5 mm, and a 40 mm long nylon film (with a thickness of 50 μm) to initiate the delamination, spanning the entire width of the specimen at the centre line (see figure 1) . On both the upper and lower surfaces of the specimen at one end, aluminium brackets were bonded using DP-490 adhesive to enable the specimen to be loaded in the testing machine. A 60 mm section of each specimen was instrumented on one surface, beyond the position of the end of the 40 mm nylon insert, with strain gauges and a CFBG sensor. At the centre-line of one half of the DCB specimens, six 1 mm gauge length strain gauges (type: N11-FA-1-120-23) were bonded with a nominal spacing of 10 mm apart, with the first gauge located 5 mm from the end of the insert. On the adjacent half-strip of the specimens, a CFBG sensor (manufactured by TeraXion) was bonded to the surface of the specimen, parallel to the length of the specimen and the strain gauges, using M-Bond 610 adhesive. The CFBG sensor had a 60 mm gauge length, a full width at the half-maximum of the reflected spectrum of 20 nm, and a centre wavelength of 1550 nm.
The strain gauges were monitored using a multi-channel data logger (Solitron Orion 3503) which enabled the six strain gauges to be logged simultaneously. The optical fibre sensor was connected to a Smart Fibres W-4 laser interrogator [10] .
Method
The DCB specimens were loaded quasi-statically using a computer-controlled servohydraulic testing machine (Instron 4505) at a constant displacement rate of 1 mm/min. A USB camera was used to photograph the specimens in transmitted light every 60 seconds, with the specimens viewed from the face opposite to the instrumented face. The strain gauge data and the CFBG spectra were logged automatically every 2 seconds and 60 seconds, respectively. The test was stopped after the delamination had propagated beyond the 60 mm sensor region, at which point the opening displacement at the loading points had reached about 35 mm.
Results and discussion
Introduction
In this section, the general behaviour of the DCB specimens is described in the context of the photographic measurements of delamination growth, the observation of the expected R-curve behaviour of the material (shown by the interlaminar toughness), and 6 the relationship between the growth of the delamination and the measurements from the surface-mounted strain gauges. This is followed by a description of the changes in the reflected spectra recorded by the surface-mounted CFBG sensors for increasing delamination lengths.
Delamination length measurements, interlaminar toughness and surface strain measurements
During testing, the delamination initiated from the location of the nylon film insert and propagated along the specimen with increasing displacement of the DCB arms (note that all delamination lengths quoted below are measured from the end of the nylon insert, so that 40 mm needs to be added to these values to obtain the total delamination length). Due to the transparency of the specimens, the delamination front position can be determined easily from the in situ photographs. In equation 1, P is the load for a given crosshead displacement, u, the thickness of the specimen is t, and a is the delamination length. n is the value of the exponent in the relationship between the specimen compliance, C, and the delamination length (i.e. C = ka n , where k is a constant); the value of n is 3 for these unidirectionally reinforced GFRP specimens [11] . Figure 3 shows a typical plot of toughness against delamination length; the R-curve behaviour (with a delamination initiation value of about 200 J/m 2 , and plateau value of about 800 J/m 2 ), is typical of these specimens [11] . As is wellknown, the development of the R-curve for such materials is related to fibre bridging, and a typical example of fibre bridging in these specimens can be seen in figure 4 . In this work, the development of fibre bridging is important since, as will be seen below, the crack closing forces associated with the fibre bridging complicate the curvature of the arms of the DCB specimen. The R-curve shows that the fibre bridging is not fully developed until delamination lengths of about 35 mm have been reached, and this is reflected in the measurements of the surface strains recorded by the surface-mounted strain gauges. The changes recorded in the strains measured by the surface-bonded strain gauges as the delamination grows indicate the complexity of the deformation of the DCB arms in the vicinity of the delamination front due to the development of fibre bridging. In this work, this complexity is important in the context of predicting the CFBG sensor results which are described in the next section.
CFBG sensor results for the DCB tests
Typical changes in the reflected spectra for a surface-bonded CFBG sensor for increasing delamination lengths are shown in figure 6 . The sensor was oriented so that the low wavelength end of the sensor was near to the nylon insert (again, all delamination lengths quoted in this section are additional to the 40 mm insert length). approached, which causes the grating spacings to be increasingly compressed up to the position of the delamination front; behind the delamination front, although the compressive strains remain high, the strain gradient decreases. For CFBG sensors, it is high strain gradients which cause significant perturbations in the reflected spectra (uniform strains just shift the spectra to higher or lower wavelengths, depending on the sign of the strain). Consequently, the dip in intensity corresponds with the approximate location of the delamination front, and the location and direction of the delamination front can be tracked by monitoring the movement of the perturbation.
As figures 6(b) and 6(c) show, the perturbation in the spectrum moves to higher wavelengths as the delamination grows, since the high strain gradients are associated with the current position of the delamination front. Additionally, as the delamination front progresses to greater distances from the physical location of the low-wavelength end of the CFBG sensor, the low-wavelength end of the spectrum moves to slightly higher reflected wavelengths because the curvature of the DCB arm relaxes. Similarly,
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as the delamination front nears the position of the high-wavelength end of the sensor, such as with the delamination length of 57.1 mm ( figure 6(c) ), the spectrum shows the movement of the high-wavelength end of the reflected spectrum to lower wavelengths due to the compressive strains associated with the curvature of the DCB arm.
In summary, the perturbation in the reflected spectrum is a measure of the current location of the delamination. However, in order to be able to identify the location of the delamination front more precisely within the reflected spectrum, it is important to be able to predict the spectrum, and to locate the delamination front position within the spectrum.
Modelling and prediction of the reflected spectrum of the CFBG sensors
Predictions of changes to the reflected spectra of CFBG sensors can be made using a commercially available programme (OptiGrating; [13] ) once the local strain distribution is known. In the present work, either a finite-element analysis of the DCB can be used, or the surface strain measurements provided by the strain gauges can be used (such strain gauge results would not be available for real applications, of course).
The surface strain distribution obtained from a 2D finite-element model of the DCB is shown in figure 7 . As the fibre was positioned at the centre of the DCB (in the width-wise direction), plane strain (4 or 8 noded) elements were used; the experimentally determined properties of the UD GFRP material used in the model are shown in Table 1 . The DCB was modelled for a delamination length of 34 mm (i.e. a total delamination length of 74 mm) with a range of different mesh sizes, with the finest mesh size (0.0024 mm x 0.0024 mm) at the location of the delamination front. This mesh size was significantly smaller than that required to provide convergence of the 12 results. Figure 7 shows the predicted surface strain distribution approximately 30 mm either side of the delamination front when the arm of the DCB was subjected to a displacement of 9.4 mm (in accordance with the experimental measurements). For comparison, figure 8 shows the experimentally determined strain distribution derived from surface strain measurements measured using a strain gauge located at 34 mm; as the delamination grew passed the strain gauge, the longitudinal strain distribution associated with the delamination could be determined.
Comparing figures 7 and 8, it can be seen that they share similar features (note that the delaminated portion of the DCB specimen in both figures is in the positive xdirection, with the delamination front located at the origin). Approaching the delamination front from the intact part of the DCB, there is a rapid increase in the surface strain from about 15 mm ahead of the delamination front (i.e. from about x = -15 mm in the figures). The peak compressive surface strain is reached about 2 mm (model) and 4 mm (experiment) beyond the delamination front position, i.e. into the delaminated portion of the DCB. After the peak compressive strain (which corresponds to the smallest radius of curvature of the cantilever arms), the strain reduces linearly for both the FE model and experiment, although the rate of reduction of the compressive strains is lower for the experimental results.
The differences between the FE model of the surface strains and the experimental measurements are due to the fibre bridging. Improvements to the FE model could be made, but there is no way of incorporating fibre bridging into the FE model without using the experimental data to develop a semi-empirical FE model incorporating the bridging forces (see e.g. [12] ). In the current work, an alternative approach is available, i.e. using the measured strain distribution from the surfacebonded strain gauges, in order to be able to predict the reflected spectra. The optical 13 parameters used in the prediction using OptiGrating were uniform apodization, a
Poisson's ratio for the optical fibre of 0.16 and photo-elastic coefficients p 11 = 0.113 and p 12 = 0.252, with an index modulation, Δn, of 0.000219 [7] .
Figure 9(a) shows the predicted spectrum for a delamination length of 34 mm, where the prediction is based on the surface strains measured by the strain gauges.
Figures 9(b) shows an experimentally-recorded reflected spectrum for a delamination length of 34±1 mm (the uncertainty relates to the precise location of the delamination front obtained from the photographs). It can be seen that there is good agreement between the predicted and the experimentally determined reflected spectra, and this agreement has been used to derive the delamination lengths for all of the spectra recorded in the tests. Within the predicted spectrum of figure 9 (a), the feature in the perturbation which corresponds to the position of the delamination front is the minimum in the perturbation. Consequently, it has been assumed that, for each experimentally measured spectrum, the delamination front position corresponds to the location of the minimum in the perturbation. The delamination length corresponding to the perturbation in each spectrum has then been calculated using the wavelength difference between the low-wavelength end of the spectrum and the position of the minimum in the perturbation, as a fraction of the full-width at half-maximum of the spectrum. This fraction is then converted to a length, assuming linearity between the spectral bandwidth and the physical length of the sensor (60 mm). Figure 10 shows the CFBG sensor measurements of delamination length plotted against the photographically determined delamination length for three DCB specimens.
The results show that the delamination lengths measured using the CFBG are within about 4 mm of the photographically measured delamination lengths, over the entire 60 mm length of the CFBG sensor. However, it should be pointed out that the accuracy 14 with which the delamination length can be measured will be a function of the material and geometry of the structure. For example, for the present geometry, thicker DCB arms will reduce the precision of the measurements.
Concluding remarks
Surface-bonded CFBG sensors have been used to monitor the growth of delaminations in DCB specimens fabricated from transparent, unidirectionally reinforced glass fibre/epoxy resin. A perturbation in the CFBG reflected spectra, consisting of a dip in the reflected intensity, indicated the presence of the delamination front, since the perturbation was associated with high surface strain gradients in the vicinity of the delamination front. Significant fibre bridging was associated with the delamination as is common in these tests. In order to predict the reflected CFBG spectrum, surface strain measurements obtained independently using surface-mounted strain gauges have been 
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